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Number Density of Number Density of XeXe JetJet
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Backing pressure: 0.7 MPa
Distance from nozzle tip: 2 mm
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Nozzle orifice: 2 mm
Maximum backing pressure: 1.1 MPa at 293 K
Opening time: 300 µs
Repetition: 10 Hz

Experimental ConditionsExperimental Conditions

Wavelength: 248 nm
Pulse energy: 20 mJ
Pulse width (FWHM): 350 fs
Peak power: 57 GW
Repetition: 10 Hz

Beam size: 50 mmφ
F-number: 3.3
Focal spot size (FWHM): 3 µm
Rayleigh length: 80 µm

Intensity at the focus in vacuum: 
8 x 1017 W/cm2

Laser: KrF laserLaser: KrF laser Target: Xe cluster jetTarget: Xe cluster jet

Xe clusters are produced by injection of Xe gas into 
vacuum from a pulsed valve.

Visible light emission from Xe cluster plasma 



Cluster SizeCluster Size

An empirical formula for mean cluster size injected from 
nozzles was given by Hagena. 

Ref.: O. F. Hagena., Rev. Sci. Instrum 63, 2374 (1992)

<N>: mean cluster size
k: condensation parameter
d: nozzle diameter
α: cone angle
P0: backing pressure
T0: source temperature

6x10 6 

5

4

3

2

1

0

C
ul

st
er

 S
iz

e

1.00.80.60.40.20.0
Backing Pressure (MPa)

 Xe
 Kr
 Ar

35.2*

1000
33 ��

�

�
��
�

� Γ=N

( )
][K

]mbar[tan/]µm[
29.2

0

0
85.0

*

T
Pdk α=Γ

( )1000* >Γ

Ar Kr Xe
k 1650 2890 5500

d = 2 mm
α = 25 degrees
T0 = 293 K

Gas supply
Nozzle

P0, T0
d

α



KrF KrF Laser SystemLaser System



Where has the absorbed energy gone?

KeV X-ray 0.2% of Eabs

~10 % of Eabs must change to
EUV Light!

Cluster Jet Debris Free

EUV Lithography Source!



Experimental Setup

Off-Axis 
Parabolic Mirror 
f =165mm (f/3)

Cluster Jet

Pulsed Gas Valve 
            Orifice : 2mm 
    Backing Pressure : 1 ~ 10 atm 
    Xe, Kr, Ar

KrF Laser Beam 
(20mJ / 350 fs) 
I ~ 8 x1017W/cm2 

Repetition : 10Hz

2 mm

Back Illuminated CCD(SITe502A) 
Kodak 101-07 Film

Transmission  
Grating (1000 l/mm)

Slit 25µm
Power Meter

Transmitted 
Energy Monitor

Back Illuminated    CCD 
(SITe502A)

Pinhole 
25µm

Transmission 
Grating 
Spectrometer

X-Ray Pinhole 
Camera
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Transmittance of Laser Energy through Gas Jets
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Soft X-ray Spectra from Various Clusters
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Quantum Efficiency of 
Back-Illuminated CCD (SITe 502A)

Princeton Instrument 

Measured by  ILE Osaka Univ.
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[Ref: D.Ohnuki et al., 
Rev Laser Eng.26 700(1998)]



Comparison of X-Ray Spectra Recorded
on Back Illuminated CCD and Kodak 101-07 Film

H.Nishimura et al., 
J. X-Ray Sci. Technol.3

14(1991)
W.Shwanda et al.,

Appl.Opt. 31 554(1992)

γγγγ - Curve of Kodak 101 Film
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Measurement of Diffraction Efficiency
of Transmission Grating
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Dependence of X-Ray Conversion Efficiency
on Backing Pressure of Pulsed Valve 

Total Conversion Efficiency
>10%
(Assuming the Uniform 
Angular Distribution)

2mJ/ 10Hz
Average Power ~ 20mW
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Soft X-ray Images from Xe Clusters
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Conclusion

Conversion Efficiency from Laser Light toEUV
Light (5-20 nm) was 13%.   It Corresponds to

0.5% at 13.5 nm in 0.5 nm bandwidth.


